An easy and reliable method for measuring ethylene production is a prerequisite for research on fungal ethylene biosynthesis. In the present study, Botrytis cinerea was used as a model fungus to develop a method to detect in vitro production of ethylene. Spore suspensions were cultured in methionine-supplemented PDA. Small plates were excised from the medium and placed in a sealed ampoule bottle for the ethylene production assay. Gaseous samples were obtained from the sealed bottle for gas chromatography analysis. Using this method, eight species of phytopathogenic fungi (Alternaria alternate ( ( , Aspergillus niger, B. cinerea, Cladosporium sp., Fusarium oxysporum, Rhizopus stolonifer, Pestalotiopsis spp. and Penicillium spp.) were shown to produce significant levels of ethylene. Ethylene production by these fungi varied markedly during the seven day incubation period. In addition to the facilitation of fungal ethylene analyses, the present method allowed the observation of morphological characteristics of the test fungi during the assay. This spore-plate method is a simple, convenient, and broadly applicable method for assessing fungal ethylene production in vitro. This method may improve screening of fungi with high ethylene production rates, analysis of fungal growth and development, and be useful in crop protection.
Introduction
Ethylene is a well known phytohormone involved in many aspects of the plant life cycle 18) , and ethylene biosynthesis in plants has been demonstrated 2) . In addition to plants, some microorganisms, including phytopathogenic fungi, can synthesize ethylene. Two aspects highlight the significance of research on fungal ethylene production. One is that ethylene is suggested to be an important modulator of disease resistance in plants 17) . The other, which has recently attracted greater research attention, involves whether plant pathogens synthesize ethylene in planta and what role fungal ethylene plays during the process of pathogenicity expression 7) . Additionally, ethylene is a key compound in the chemical industry and is essential for production of plastics and olefins. Sustainable microbial ethylene production from renewable resources seems to be one of the ultimate solutions to the decline of fossil oil reserves from which ethylene is now abundantly obtained through a cracking technique 6) . From these points of view, extensive screening for ethylene biosynthesis ability in the fungi kingdom is of interest for both phytopathology and the chemical industry. Therefore an efficient, easy method for measuring fungal ethylene production is required.
Some methods for measuring bio-synthesized ethylene have already been described. Young et al. reported using absorption equipment to indirectly measure ethylene production 20) , and Fuji et al. described a colorimetric screening method for microbial olefin hydrocarbons on the basis of the reaction of molybdenum with olefin hydrocarbons in the presence of a palladium catalyst 10) . Additionally, Cristescu et al. reported the detection of ethylene by laser spectroscopy 8) . These methods are sensitive, but the instrumentation may not be easy to set up. Alternatively, gas chromatography (GC) is considered the preferred detection method .
This inconsistency makes comparative analysis of fungal ethylene production difficult.
Our focus was on the use of solid media because fungal morphogenesis and sporulation in relation to ethylene production should be observed. Therefore, we aimed to develop a simple, real-time, solid medium-based method for studying fungal ethylene production. Herein, we report the development of a spore-plate method using Botrytis cinerea and a sealed spore plate in combination with GC analysis.
Eight plant-pathogenic fungi were examined to assess the method's objectivity and applicability across fungal taxa.
Material and Methods

Fungal strains
Alternaria alternata (ACCC310001) and Fusarium oxysporum (ACCC310001) were purchased from the China General Microbiological Culture Collection Center (Beijing, China). Aspergillus niger, Botrytis cinerea, Cladosporium sp., Penicillium sp., Pestalotiopsis sp., and Rhizopus stolonifer were isolated from infected table grapes in China and Japan and maintained as laboratory stocks 19) . Isolates of these fungi were cultured on potato dextrose agar (PDA) at 25°C until sporulation.
Ethylene production
Liquid culture method: The liquid culture of the fungi was conducted with minor modifications of a previous method 7) .
200 μl conidial suspension (10 7 spores/ml) of each fungus species tested was inoculated into 20 ml potato dextrose broth (PDB) supplemented with methionine (10 mM) in 50 ml flasks. The flasks were sealed and shake-cultured at 170
rpm at 25°C for 24 h. Gas samples (1 ml) were collected using a gas tight syringe. Spore-plate method -: PDA medium (20 ml) containing 10 mM methionine was kept at 50°C after sterilization to maintain it as a liquid, and spore suspension was mixed evenly with the medium at the room temperature. The mixture was then poured into sterile Petri dishes (diameter 9 cm).
The final incubation concentration was the same as in the liquid method. According to the procedure shown in Figure   1 , 10 small spore-plates (diameter 5 mm, punched radially)
were excised from the media and placed in a 10 ml ampoule bottle. The bottles were sealed and cultured for 4 h under the conditions mentioned above before gas samples were collected from each bottle for ethylene analysis.
Ethylene production: Ethylene levels were determined using a GC9800 gas chromatograph (GBPI Instruments, Guangdong, China) equipped with a flame ionization detector and a specific analysis column containing porous polymer beads with polydivinylbenzene. The total amount of ethylene production per 20 ml medium was calculated by multiplying the free volume of the flasks (50 ml) or ampoule bottles (10 ml) by the amount of ethylene in a 1 ml gas sample (as determined by gas chromatographic analysis) and multiplying the quotient of total medium volume (20 ml) by sample medium volume (2 ml). The equation is as follows:
Ethylene production (ml/h)=GC value×free volume (ml)×total medium (ml)/sample medium volume (ml)/ culture time length (h)
Results
Ethylene production
Methionine was added to both liquid and solid cultures, 
and ethylene production at 25°C was determined. No ethylene production was detected in either culture method in the absence of fungi. In contrast, ethylene production was detected at 24 h after incubation in culture media containing methionine. The highest production occurred after 72 h in spore plates and subsequently declined, becoming undetectable at six days after incubation.
One remarkable difference between liquid and solid culture methods was the effect of agar concentration on ethylene production. Liquid cultures contained no agar, while three agar concentrations (0.5, 1.0, and 1.5% agar) were used to assess the effect of medium solidity on ethylene production. Ethylene was detected after 24 h under all conditions. However, considerable differences in ethylene levels were observed between liquid and solid media (Fig. 2 ).
There was no significant difference in the ethylene production among solid media with different agar concentrations.
From these results, 1% agar was used for the spore plates because of its ease of mixing and pouring.
Determination of optimal methionine concentration
To determine the optimal methionine concentration for ethylene production, four methionine concentrations (10, 20, 30, 40 mM) were used, which were added to the medium using the spore-plate method (Fig. 3) . Ethylene levels were measured at 24 h intervals for six days.
Eventually, ethylene production was not significantly different among the four methionine concentrations. Thus for economical reasons 10 mM methionine was chosen for the spore-plate method.
Ethylene production and morphological changes
Under the present conditions, the conidia used began to germinate at 6 h after inoculation. Figure 4 shows the growth of B. cinerea in PDA in the absence (A) and presence (B) of methionine at 24 h after incubation. The conidia elongated into hyphae rapidly under methioninefree conditions (Fig. 4A ), but elongated slowly and branched in the presence of methionine (Fig. 4B) . Comparison of ethylene production between these conditions (Fig.   5 ) revealed two phenomena. First, ethylene production occurred at 24 h after inoculation, and the conidia germinated prior to this ethylene production. Ethylene 
Ethylene production by plant-pathogenic fungi
Ethylene production by eight plant-pathogenic fungi was tested under the conditions described above. All fungi grew normally on the methionine-supplemented solid medium and produced detectable levels of ethylene 24 h after incubation. However, the time to reach the maximum ethylene production and the levels of ethylene produced varied among the fungi tested. The peak of ethylene production by A. alternata, Cladosporium sp., F. oxysporum, R. stolonifer, Pestalotiopsis sp., and Penicillium sp. occurred 2 days after 
Discussion
Ethylene is an important plant hormone and regulator of a multitude of plant processes, ranging from seed germination to organ senescence 4) . It is also the most important starting material in petroleum chemistry 11) . Ethylene is produced by a number of microbial taxa. Recent studies have focused on (i) its biological function in the interaction between plants and fungi 5) and (ii) the selection of microbial ethylene producers and the development of controlled fermentation processes to substitute the petrochemical industry for ethylene production 6) . Thus, developing a proper measurement method is an essential step toward advancing the study of fungal ethylene production.
Liquid media and sealed chamber methods have been used in microbial ethylene production research because they allow for easy culturing and direct sampling. Ethylene release from many fungi and bacteria has been demonstrated using this method 3, 11, 14) . In this work, we used solid media, inoculated a fixed quantity of spores that were mixed evenly, and used a small plate for sampling. The spore-plate method retains the advantages of the liquid culture method, but can also be subjected to continuous and quantitative testing to enable comparison of ethylene production among different fungi. Thus, the spore-plate method is superior because spores are distributed over the sampling plate and samples can be removed sequentially at appropriate times for the continuous measurement of ethylene production.
We assessed the effect of agar concentration, the use of which is the only major difference between the present method and the liquid method, on ethylene production.
Although the quantity of fungal ethylene produced differed between liquid and solid media, the agar concentration of solid media had no effect. This difference between liquid and solid media is likely due to the fact that ethylene production by fungi requires the presence of air 13) and/or that hyphae on solid media can contact the substrate sufficiently to allow ethylene production. Ethylene production commenced after spore germination on PDA medium supplemented with L-methionine. Different methionine concentrations (10-40 mM) had no significant effect on ethylene production. Thus, we selected 10 mM methionine for economical reasons. In this method, the conidial suspension was mixed with melted agar medium. Agar temperature at the time of mixing showed no detrimental effect on the germination of the fungi tested. In this experiment, fungi in methionine-containing PDA produced ethylene vigorously and sporulation started earlier than in methionine-free PDA. Although more studies are needed to clarify whether ethylene or methionine contributes to this process, the changes in the ethylene production during this period suggest that fungal ethylene production is a specific process and that ethylene has specific effects on fungi growth and hyphal development.
Ethylene production by eight plant-pathogenic fungi was assessed using the spore-plate method and an identical inoculum concentration (10 5 spores/ml). This method may facilitate not only the screening process for fungal species with high ethylene production, but also aid in analyzing the growth and development of fungi with different substrate utilization efficiencies. Additionally, the universality of ethylene production by plant-pathogenic fungi, whether as metabolic waste or otherwise, may prove useful for crop protection 6) . Taken together, the proposed method is expected to be convenient for synchronously studying the dynamics of fungal ethylene production as well as fungal growth and development.
